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Lathyrogenic agents such as 13-aminopropionitrile  ~APN)  characteristically 
induce  severe  skeletal  and  other  mesenchymal abnormalities  in  a  variety of 
growing animals  (1-3).  Associated with  these  changes there is a  considerable 
increase in extractable collagen in connective tissues (4, 5). In the chick embryo 
extractable collagen in bones, cartilage, skin, aorta, and tendon appears within 
an  hour following injection,  increases  rapidly with  time  of incubation  and  is 
dosage-dependent  (4,  6--8). Within  72  hours more than half of the  total  col- 
lagen may be extracted in cold 1 ~t saline whereas in normal embryos less than 
1 per cent of the collagen is soluble. 
In our efforts  to understand  how lathyrogenic compounds act to alter  col- 
lagen solubility we have studied the distribution  of isotopically labeled/3APN 
and its metabolites  in the chick embryo, and in particular  its  relationship  to 
the  solubilized  collagen.  We  have  attempted  to  determine  whether  these 
agents  act  through  metabolic  processes  or whether  they must  be  present  in 
the  tissues  in association  or at  least  in proximity  with  the  affected  collagen. 
Methods 
Fertile eggs of white Leghorn chickens were incubated at 39°C for 14 days at which time 
cold fl-aminopropionitrile fumarate  plus 1-C  14 flAPN.HC1 or U-I-P flAPN.HC1 were admin- 
istered in 0.2 ml of sterile water onto the chorioaUantoic membrane through a pinhole in the 
shell (4). 
1-C  14 flAPN.HC1,  specific activity  1.57 mc/mmole,  and  uniformly  labeled  H  ~ flAPN, 
specific activity 120 mc/mmole, were obtained from the New England Nuclear Corp., Boston. 
These compounds, pure by electrophoretic and paper chromatographic criteria, were dissolved 
in appropriate  amounts  of sterile distilled water  and stored  in the frozen state.  MateriaLs 
labeled with C  14 were measured  on stainless steel planchets  in a  gas-flow counter  with a 
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background of  1.5  cy~ and an efficiency of about 26 per cent. Tritium-labeled compounds 
were counted in I0 ml of Bray's solution in an automatic liquid scintillation counter with a 
background rate of 30 cP~ and an efficiency of 11 per cent. 
After the  appropriate  periods  of  incubation following injection of  the agent,  the yolk, 
membranes,  amniotic  fluid,  and  embryo  were  separated  from  each  other,  weighed,  and 
processed. 
Long bones were dissected free of soft tissues and handled separately. These were minced 
with scissors and extracted three times with 3 volumes of cold 1 ~  NaC1 buffered with phos- 
phate,  pH  7.6,  1'/2  0.02.  Extraction was  carried out in the cold over night with shaking 
followed by sedimentation at 100,000 g for 1 hour. The clear supematant solutions were then 
filtered  through coarse,  medium,  and  flue  sintered  glass.  All  operations were  carried  out 
between 0 ° and 5°C. 
Viscosity measurements were made in Ostwald  viscometers at 5°C with a  flow  time for 
water  of about 60 second.  Hydroxyproline was  measured by the method of Neuman  and 
Logan after hydrolysis in 6 N HC1 at 138°C for 3 hours. 
Extracted collagen was purified in several ways.  (a)  Extracts were dialyzed extensively 
against cold 1 M saline, then warmed to 37°C for 3 hours. The heavy opaque gel of collagen 
was removed by centrifugation, washed in warm saline, and redissolved in cold  1 M NaC1. 
Thermal precipitation was repeated and the precipitated collagen dissolved in and dialyzed 
against 0.1  ~t acetic acid from which it was  lyophilized.  (b)  Collagen was precipitated by 
dialysis against water, redissolved in cold phosphate, pH 7.6,  P/2 0.4,  and reprecipitated by 
dialysis against 0.01 z~ Na~IPO~. The precipitate was dissolved in 0.1 ~J acetic acid, dialyzed, 
and  lyophilized.  (c)  Collagen was  initially precipitated  by  the  slow  addition of  an  equal 
volume of cold 5 M NaC1, redissolved in neutral phosphate, and further purified by combina- 
tions of methods b and c. 
To obtain free labeled BAPN or its products from the tissues, embryos and extra embryonic 
structures were extracted in 5 volumes of cold 5 per cent TCA in an ice-cooled high speed 
blender. The extract was  separated  in  the Spinco preparative ultracentrifuge and clarified 
by filtration through fine sintered glass. Fractionation of TCA-soluble radioactive substances 
was accomplished by ion exchange chromatography and by curtain electrophoresis. The ex- 
tracts were freed of trichloracetic acid by repeated washing with ether, following which they 
were concentrated in a  column of  warm  air and  desalted  electrolytically. All  stages  were 
checked for losses of radioactivity. Ion exchange separation was accomplished on 5 to 20 ml 
columns of Dowex 50-X8 in the hydrogen form, eluted with water until neutral followed by 
1 ~  ammonium hydroxide.  Certain fractions therefrom were further separated on Dowex-1 
formate with water followed by 1 ~t HC1.  Curtain electrophoresis was performed on ether- 
washed, electrolytically desalted TCA extracts at  ll°C  in 0.05 M pyridine formate, pH 5.3 
at 300 to 400 volts, 18 to 22 ma for 12 to 24 hours. The various radioactive fractions obtained 
from both the column and curtain were counted, pooled, and further analyzed by paper elec- 
trophoresis in potassium acetate buffer, 0.05 to 0.1 ~  at pH 2.7 and 5.3, at 2000 volts at room 
temperature. Paper chromatography on the same fractions was also performed in two differ- 
ent  solvents; methanol-water-pyridine (4:1:2)  and in methyl ethyl ketone-propionic acid- 
water (174:57:69). 
Chromatograms and electrophoresis patterns were monitored in a gas-flow 4~r strip counter 
or by counting small rectangular pieces sequentially cut and placed on stainless steel planchets 
in a low background gas-flow  counter. Ninhydrin was used to stain the cold carriers (flAPN 
and ~-alanine) and diazotized sulfanilic acid was used for cyanoacetic acid and hydracyrlo- 
nitrile. 
RESULTS 
The distribution of C 14 in embryo homogenates, livers, yolk,  extraembryonic 
membranes,  amniotic fluid,  and  long bones was  determined  at  three different SERGE D.  0RLO~T AND JEROME GROSS  1011 
time intervals after the injection of C 14 OAPN.  Results  of three separate ex- 
periments are reported in Table I. 
About 80 per cent of the total iniected radioactivity was accounted for. No 
radioactivity could  be picked up  as  COs from injected  eggs incubated  in  a 
desiccator  through  which  air passed  into  Ba(OHh  solution  over a  24  hour 
period. 
TABLE  I 
Distribution of TCA-Soluble Radioactivity in the Chick Embryo at Different Times after 
C  a` [3-A  minopropionitrile* 
Individual experiments 
Embryos 
1  ............... 
2  ............... 
4 ............... 
6  ............... 
Livers 
1+2 ........... 
3+4  ........... 
5+6  ........... 
Extraembryonic 
structures~ 
1 ............... 
2  ............... 
3  ............... 
4  ............... 
5  ............... 
6  ............... 
10 rain. 
20,100 
13,400 
55,100 
11,500 
10,100 
cPK per gm wet weight 
4hrs. 
16,300 
14,900 
62,200 
19,500 
14,800 
24 hrs. 
5,110 
21,800 
32,500 
44,000 
48,000 
47,000 
57,000 
128,000 
15,000 
5,700 
5,000 
186,000 
246,000 
124,000 
236,000 
* Eggs 1 and 2 received 4 p~ in 20 mg ~APN fumarate. Eggs 3 to 6 represent two more 
experiments in which embryos received 20 #c in 20 mg ~APN fumarate. 
Includes yolk, membranes and amniotic fluid, and albumin. 
Measurement  of  the  distribution  of  C 14  between  the  TCA  supernate  of 
homogenized  embryos and  the  residue  indicated  that  approximately 10  per 
cent is insoluble in trichloroacetic acid. 
The  radioactive substances  extracted  from whole  embryos and  from bone 
(with cold 1 ~  NaC1)  when fractionated by ion exchange chromatography or 
by curtain  electrophoresis,  separated into  three  major components. 
Fig.  1 illustrates  a  typical column elution pattern  of the dialyzable radio- 1012  DISTRIBUTION 0~'  ~-AMINOPROPIONITPn.F. 
activity from a  1 ~r NaC1 extract of lathyritic bones. Essentially all the radio- 
activity (98 per cent) in the bone extracts was dialyzable. Patterns obtained 
from TCA extracts of whole embryos, livers, and yolk were essentially the same. 
Fractions 2 and 3, and 13 and 14 were concentrated and examined by paper 
electrophoresis,  at  pH  5.3.  fl-aminopropionitrile,  cyanoacetic  acid,  and  a 
component isoelectric at pH 5.3 were detected (Fig. 2). Paper chromatography 
confirmed the identification of the two mobile compounds. The  third, more 
neutral fraction behaved llke fl-alanine on paper chromatography although in 
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FIO. 1. Elution diagram  from Dowex  50 column  of dialyzable  radioactive  compounds  in 1 
NaC1 extract of lathyritic bones. 
several  runs it appeared  to  split into two radioactive components.  Curtain 
electrophoresis of cold embryo extracts at pH 5.3 also revealed three distinct 
components, the more acid and basic of which were determined to be cyano- 
acetic acid and ~-aminopropionitrile respectively. The more neutral fractions 
could not be positively characterized. As shown in Table II the distribution of 
the label is essentially similar in the yolk, in the liver and the carcass 24 hours 
after administering the agent and in the long bones 48 hours after injection. 
In 48 hours there appears to be an increased accumulation of the acid-neutral 
fraction in the whole embryo tissues. 
In an effort to determine whether or not fl-aminopropionitrile or its break- 
down products were bound to the extractable lathyritic collagen eight separate 
experiments were performed utilizing Cl~-labeled flAPN and one using flAPN 
uniformly labeled  with  tritium. The  specific  activities of the  injected corn- SERGE  D.  ORLO]/'~' AND  JEROM~  GROSS  1013 
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FIG. 2.  Top, paper electrophoresis diagram of radioactive compounds eluted from Dowex 
column in tubes 2 and 3, shown in Fig.  1. Strip shows position of stained reference markers; 
BAPN ffi fl-aminopropionitrile, flala =  fl-ahnlne, CAA ffi cyanoacetic acid. Bottom, electro- 
phoresis pattem of compounds in tubes 13 and 14, eluted at alkaline pH from Dowex, shown 
in Fig. 1. 
TABLE  II 
Dislribulion of 0  4 in the Egg 
Yo~k ....................................... 
Liver ...................................... 
Carcass~ ................................... 
24 hrs  .................................... 
48 Jars  .................................... 
Bones, 48 hrs  ................................ 
Acid-neutral 
41 
34 
27 
45 
30 
Fractions* 
basic 
l~¢r c$n/ 
36 
58 
63 
45 
57 
* Fraction of total counts recovered from column. 
24 and 48 hours after injection of flAPN. 1014  DISTRIBUTION OP fl-AMINOPROPIONITRILE 
pounds were high enough so that  accurate measurements of radioactivity in 
the isolated purified  collagen  at levels several hundred  times below  a  hypo- 
thetical equimolar complex of/3APN and collagen could be made. The results 
of these experiments are reported in Table IIL Preparations  5 to 9  represent 
the  most highly purified  collagens.  Preparation  5  was dialyzed  against large 
volumes of 0.1 ~  cold/3APN in saline, then water prior to lyophilization. The 
largest amount of radioactivity found represented  1 mole of C14-1abeled com- 
pound per 5 moles of collagen in the first and most impure preparation. Less 
TABLE  HI 
Association between O-Aminopropionitrile  and Purified  Extracted Lathyriti¢  Collagen* 
Measured  specific  activity 
Compound 
I. I-CI*-~APN 
2.  I-CI*-flAPN 
3.  I-CI*-flAPN 
4.  I-C~4-/~APN 
5.  I-C14-~APN 
6.  I-C14-/~APN 
7.  1-CI*-/~APN 
8. 1-CI*-/~APN 
9. U-Hs-I~APN 
flAPN  injected 
cm~h,  molo 
6.4  X  1@ 
6.4  X  104 
6.4  X  104 
6.4  X  104 
6.4  X  104 
6.4  X  104 
6.4  X  104 
1.6  X  10  ~ 
10.6  X  10  s 
Collagen  extracted 
~mo~ 
12  X  10  ~ 
1.5  X  103 
3.3  X  10  s 
4.5  X  108 
0.6  X  10  3 
0.45X  l0  s 
0 
0.3  X  10  8 
6.0  X  l0  s 
Molar ratio 
BAPN: collagen 
1:5 
1:42 
1:20 
1:14 
1:100 
1:140 
0 
1:53 
1:180 
* Nine separate experiments. 
than  1  mole of labeled  compound  per  100  moles  of collagen were  found  in 
three of the C  ~4 experiments and in the tritium-labeled preparation. 
A  complete  column  chromatographic  amino  acid  analysis  of  purified  ex- 
tracted  lathyritic  chick  embryo bone  failed  to  demonstrate  the  presence  of 
~-alanine,  an expected hydrolysis product  of flAPN)  No deviation from the 
normal amino acid distribution was found. 
The possibility that lathyrogens might cause the  solubilization  of collagen 
without  firmly  bonding  to  the  protein  was  explored  by  dialyzing  minced 
lathyritic bone against saline to remove the  agent,  then  comparing collagen 
solubility with that of suitable controls. 
Twenty embryos were each injected with 20 mg of cold flAPN plus 5/zc of Cl4-1abeled 
compound at 14 days of incubation. Long bones were isolated 48 hours later, pooled, minced, 
1  Column chromatographic analyses on normal and lathyritic-extractable chick embryo 
and guinea pig collagens were performed for us by Dr. Karl Piez at the National Institute for 
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and separated into equal aliquots. These were suspended in several milliliters of water in 
dialysis bags. Sample I was suspended in a moist flask as a mock dialysis; sample H dialyzed 
against 0.1 M 3APN in saline; sample HI was dialyzed against 0.1 ~  saline. The experiment 
was performed at 5°C and 37°C. After 48 hours during which time the dialyzing fluids were 
changed repeatedly, the contents of the dialysis bags were suspended in two volumes of cold 
TABLE IV 
Extractability of Collagen from Bones after Removal of flAPN by Dialysis* 
Treatment 
I.  Mock dialysis 
H.  Dialysis vs. flAPN 
III.  Dialysis vs. NaC1 
IV.  Normal bones~ 
Hydroxyproline in 9g/ml extract 
5"C  37"C 
I  II 
,g/,~ 
360 
360 
365 
10 
~g/ml 
265 
360 
275 
15 
~,g/,,g 
520 
640 
410 
450 
210 
340 
* Two separate experiments, I  and II were performed at 37°C; H  was done in duplicate. 
~; The values for extractable hydroxyproline for normal bones were obtained from a  sep- 
arate experiment. 
TABLE V 
Effect of Temperature of Incubation on Collagen Ezgra~tability 
Temperature of 
incubation 
for 24 hrs.* 
°C 
38 
31 
25 
Average 
weight 
gm 
10.2  4-  1.1 
9.7  4-  1.I 
8.94-  1.1 
bone extracts 
27.6 
20.0 
11.9 
* Embryos incubated for 14 days at 38°C before experimental period. 
Long bones of 18 embryos in each group pooled and extracted. 
1 x~ saline and extracted on the shaker at 4°C for 24 hours. The separated  extracts were 
analyzed for radioactivity to determine the extent of removal of flAPN in the dialysis step. 
Hydroxyproline content was used as a measure of the amount of extractable collagen. 
Essentially all the flAPN or its breakdown products were removed from the 
tissues by dialysis as there was no measurable radioactivity in the subsequent 
salt extracts.  At 37°C  the amounts of extractable  collagen were lower in the 
samples  dialyzed  against  saline  (Table  IV).  However  the  level  of  extract- 1016  DISTEI3UTION  OF /3-AMINOPROPIONITEILE 
ability was such as to suggest that the presence  of/3APN, or its metabolites 
in the environment of collagen was not essential for solubilization. 
The obvious direct experiment  was also performed,  in which normal chick 
bones were incubated for 1 to 5 days in the presence of varying concentrations 
of/3APN in Tyrode's solution, in tissue culture media, or in tissue fluids from 
lathyritic embryos.  There was no increase in collagen solubility over that of 
controls. Martin (9) has reported an increase of extractable collagen in/3APN- 
treated bone cultures after 12 days of incubation. 
In an effort to determine whether or not the solubilization  mechanism de- 
pended upon metabolic processes,  the effect  of varying the temperature of 
incubation of the eggs upon the degree of solubilization of collagen in lathyritic 
embryos was examined. Three groups of 20 eggs were injected at 14 days with 
20 mg of ~APN each and then incubated for 24 hours more at three different 
temperatures, 27  °, 32  °, and 38°C. Table V reveals that the amount of extract- 
able bone collagen was proportional to the temperature of incubation as was 
the growth rate. In another related group of experiments  lathyritic embryos 
were killed with KCN or by freezing 6 hours after administration of flAPN. 
The production of extractable collagen  stopped  at  that point  even though 
incubation at 37°C continued for another 16 hours. 
DISCUSSION 
The chick embryo, being a closed system from which there is little loss by 
way of excretion, provides a better test animal for this type of experiment than 
does  the rat since all the metabolic products are retained. It would appear 
that/3-aminopropionitrile is distributed throughout the egg within 10 minutes 
after administration. The greatest bulk of this material is soluble in TCA and 
in the case of bone is almost completely dialyzable.  Even after 48 hours more 
than 40 per cent of the radioactivity can be accounted for by unaltered/3- 
aminopropionitrile.  The  next  largest  radioactive  component  is  the  known 
metabolic product,  cyanoacetic acid  (10) which  itself has  no  lathyrogenic 
activity. Nothing certain can be said at this time about the identity of the 
remaining 20 per cent of the radioactive material although it would  appear 
likely that two of these compounds are/3-alanine  and hydracrylonitrile (cyano- 
ethanol). Neither of them are lathyrogenic in the chick embryo. No attempt 
has been made to identify the radioactive components in the TCA-insoluble 
fraction. In an earlier study of the distribution of C14-1abeled aminoacetonitrile 
(11) in the rat it was observed  that some of the amino acids in protein had 
become labeled. 
It has been proposed by Levene (12) that lathyrogens act to solubilize col- 
lagen by binding onto aldehyde groups within the collagen molecule thereby 
blocking  intermolecular cross-llnking.  If this were  the case  one  should  find 
at least one molecule of/3APN for two molecules of collagen. In this study we SERGE D. ORLO~F AND ,]'EROME GROSS  1017 
have observed less than  1 mole of flAPN per 100 moles of collagen,  utilizing 
both  C14-1abeled and  uniformly tritium-labeled  compounds.  The  use of the 
uniformly  labeled  compound  eliminates  the  likelihood  of  a  collagen-bound 
derivative of/~APN.  Stegemann  (13)  has  recently reported  the presence of 
/3-alanine, the hydrolysis product of/3APN in lathyritic collagen hydrolyzates. 
No/~-alanine was found in our purified preparations although it may be present 
in the free dialyzable form in the tissues.  Thus it is unlikely that  the lathy- 
rogenic agents operate by direct combination with collagen.  In addition,  we 
have shown that the collagen  in lathyritic chick embryo bone is still extract- 
able after complete removal of/~APN by extensive dialysis.  It is therefore also 
unlikely that the presence of the agent in the vicinity of the collagen fibrils is 
essential for solubilization.  We axe left with the likelihood  that in some manner 
the collagen  structure has been altered by a metabolically related process so 
that  firm intermoleculax bonding is not present.  An alternative  explanation 
might involve an association with another unidentified product, unrelated to 
the lathyrogen, which interferes with firm cross-linking. 
The fact that extractability is directly related to temperature of incubation 
of the eggs and that the progressive increase in extractability ceases abruptly 
with the death of the animal suggests that metabolic processes are involved. 
The  observations  (14)  that  purified  reconstituted lathyritic  guinea  pig skin 
collagen  remains reversibly soluble after more than  a  week of incubation at 
body  temperature,  in  contrast  with  the  normal,  further  suggests  a  subtle 
structural  alteration.  Whether  or not the observed intramoleculax change in 
ratio of ot to/~ components in lathyritic collagen  (15, 16) is directly related to 
the alteration in solubility is still an open question. At this time it is not certain 
whether the mechanism involves formation of an abnormal collagen  (4) or the 
alteration of previously deposited, normal, insoluble fibrils (8). 
The authors wish to thank Miss Barbara McKee for her invaluable assistance. 
SUM'I~ARY 
1.  C14-1abeled  ~-aminopropionitrile distributed throughout the egg contents 
within  10 minutes postinjection. By ion exchange chromatography and dec- 
trophoretic  analysis  three  major  components  of  the  extractable  dialyzable 
radioactive material could be demonstrated, representing at least 80 per cent 
of  the  total.  The  acidic  and  basic  components  were identified  as fl-amino- 
propionitrile  and  cyanoacetic acid,  while  the  fraction  isoelectric at  pH 5.3, 
consisting of two components, remained unidentified. 
2.  Less than  1 molecule of flAPN per 100 molecules of protein was present 
in  the  highly  purified  extractable  lathyritic  bone  collagen  indicating  that 
binding of the lathyrogen is not a factor in collagen extractability. 1018  DISTRIBUTION  O]~ ~-AMINOPROPIONITRILE 
3.  The proximity of/~APN to collagen in bone is not essential to its extract- 
ability. 
4.  The effect of incubation temperature of the embryo on collagen extract- 
ability suggests the involvement of a  metabolic process in this phenomenon. 
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